In recent years, new fracturing designs and techniques have been developed to enhance production of trapped hydrocarbons. The new techniques focus on reducing stress contrast during fracture propagation while enhancing far field complexity and maximizing the stimulated reservoir volume. Zipper frac is one of these techniques, which involves simultaneous stimulation of two parallel horizontal wells from toe to heel. In this technique, created fractures in each cluster propagate toward each other so that the induced stresses near the tips force fracture propagation to a direction perpendicular to the main fracture. The effectiveness of zipper frac has been approved by the industry; however, the treatment's optimization is still under discussion.
Introduction
Hydraulic fracturing is a stimulation technique used to extract trapped hydrocarbon. Fracturing vertical wells was used for variety of reservoir conditions varying from tight gas formations to high permeability formations implementing the FracPac applications. Fracturing horizontal wells started in the late 80's for stimulation of tight gas formation. The use of fracturing horizontal wells proved to a key technology in the development of unconventional reservoirs. The technique has been widely used with the development of Barnett shale in the late 90s (Navigant Consulting, 2008) . While the existence of natural fractures in shale oil and gas plays make them good candidates for hydraulic fracturing, the key in a successful treatment is creating a complex network that connects created hydraulic fractures with pre-existing natural fractures. This network of fractures, which consist of hydraulic fractures, primary and secondary natural fractures, are highly desired in low permeability reservoirs where higher conductive connectivity can be achieved as opposed to connectivity created by planar fractures . Numerical simulations (Mayerhofer et al. (2008) ; Nagel and Sanchez-Nagel (2011); Warpinski et al. (2009) ; Cipolla et al. (2009) show that creating an interconnected network of fractures in nano-permeable reservoirs is a major factor in economic production. Various methods have been applied to create this complex network and ultimately maximize the total Stimulated Reservoir Volume (SRV). Creating secondary fractures is a vital occurrence in increasing the reservoir contact. Secondary fractures can be created by multistage fracturing along a horizontal wellbore in a naturally fractured reservoir. Different design parameters including the number of perforation clusters per stage, the spacing between stages, the length of the horizontal well, the sequence of fracturing operations, and the type and quantity of proppant should be optimized to create secondary fractures and a complex network of fractures . Among these parameters, spacing between perforation clusters as well as fracturing stages play major roles in fracture propagation and geometry. As noted by Soliman et al. (2008) , the spacing between fractures is limited by the stress perturbation caused by the opening of propped fractures. However, fracturing designs can be optimized if the original stress anisotropy is known and the stress perturbation can be predicted .
Recent advances in fracturing design Cipolla et al. 2010; Waters et al. 2009 ) offer techniques for creating far field fracture complexity to enhance the SRV. Zipper frac is one of these techniques in which two horizontal wellbores are fractured simultaneously to maximize stress perturbation near the tips of each fracture. The problem with this technique is that the creation of complexity is limited to the area near the tips of the fractures. In another approach, a horizontal wellbore is fractured alternatively so that the area between two created fractures is altered by the stresses induced from introducing a third fracture in the middle. While enhancing the reservoir contact area and the SRV, this new design is operationally difficult to perform in horizontal wellbores.
In this paper, we discuss the new designs of fracture placement and offer an alternative approach. The new approach is a modification to zipper frac, where fractures are designed in a staggered pattern to induce stress in the surrounding formation. The induced stresses will alter the pre-existing natural fractures and create secondary fractures necessary for creating a complex network. The modified zipper frac (MZF) design enhances the fracture complexity and is operationally simple to practice. MZF design considers the geomechanics involved in fracturing treatment and provides a unique opportunity for operators to maximize reservoir contact.
Stress Interference Calculations around Different Fracture Geometries
Introducing hydraulic fractures in a brittle or heterogeneous rock can cause an altered stress field in the vicinity of the fracture. The change in stress is attributed to the opening of the hydraulic fractures and depends on the mechanical properties of the rock, the geometry of the fracture, and the pressure inside the fracture (Warpinski et al. 2004 ). Sneddon (1946) and Sneddon and Elliot (1946) presented solutions for semi-infinite, penny-shaped, and arbitrarily shaped fractures. An analytical solution was developed by Green and Sneddon ( 1950) to calculate the stresses around a flat, elliptical crack. The solution is presented for a crack with constant internal pressure in a homogenous elastic medium. The geometry of an elliptical crack is shown in Fig. 1 . As shown by Warpinski et al. (2004) , the stresses for this solution can be directly calculated from: Fig. 2 . Because of the symmetry in penny-shaped geometry, changes in stress on the line of symmetry in the directions parallel to the plane of the fracture ( x  , y  ) are equal. The change that occurs to the minimum horizontal principal stress is always higher than the change in both maximum horizontal stress and vertical stress. This is because fractures normally tend to propagate in a direction perpendicular to the minimum horizontal stress where there is least resistance compared to the other directions. This indicates that the difference between the two horizontal stresses will decline as we move away from the fracture. The change will reach maximum at about L/H =0.3 (Fig. 3) . In case of limited stress contrast, it is possible that the orientation of the horizontal stresses would be reversed. In case of strike slip situation where the vertical stress is close to the minimum horizontal stress, reversal of orientation could mean creating a horizontal fracture. As Soliman et al. (2008) mentioned, the effect of creating multiple fractures is a cumulative one. 
Stress Interference Caused by Presence of a Semi-Infinite Fracture
According to Sneddon and Elliott (1946) , a semi-infinite fracture is a rectangular crack with limited height but infinite length; additionally, the width of the fracture is extremely small compared to its height and length. Sneddon and Elliott (1946) developed a mathematical solution for such a semi-infinite system. The solution is presented in Fig. 4 . The change in stress components over net pressure is plotted versus the distance perpendicular to the fracture plane normalized by the fracture height. Change in minimum horizontal stress is higher than change in other directions. 
Stress Perturbation Caused by Presence of an Elliptical Fracture
Elliptical fractures are more realistic compared to the other fracture geometries. Green and Sneddon (1950) studied the change in stress in the neighborhood of an elliptical crack in an elastic medium. As Fig. 6 shows, stress in the horizontal plane changes with different fracture aspect ratios. However, this change is insignificant for L/H ratios higher than 5. Fig. 7 gives a percentage of difference for this comparison. In order to have nine comparisons between each two consecutive aspect ratios, 500 values of Δσ Z with respect to distance (x) are used in the cross-validation of the ten different aspect ratios. The examination of the cross-validation plots will give a better idea of the uncertainty of each comparison between sequences, as shown in Fig. 7 . This figure shows that the clouds of data points are fairly close to the line Y=X, and that they are centered with reference to the line for the aspect ratios (L/H) of 5 and greater. In contrast, the clouds of data points for the sequences 3-4, 2-3, and 1-2 are more spacious than aforementioned aspect ratios, and they get wider for smaller sequences. Based on the cross-validation results, the difference between Δσ Z values of two consecutive aspect ratios is negligible for L/H>5. Cross-validations of the Δσ Z values obtained where i and j represent aspect ratios and they change from 1 to 9 and 2 to 10, respectively. Based on the MRD results, seen in Fig. 8 , the MRD is less than 10% for L/H>5 and it increases exponentially with decreasing the aspect ratio. In other words, the difference of Δσ Z values between two consecutive aspect ratios is insignificant for L/H>5. These results confirm the conclusions obtained from the cross-validation results. 
Stress Perturbation Caused by the Presence of Multiple Fractures
The study of stress interference in fracturing horizontal wells has become an important factor in designing and optimizing fracturing treatments. According to Soliman et al. (2010) , stress interference increases as the number of open propped fracture increases. Creating a single fracture (Figs. 9 and 10 ) perturbs stress in the area surrounding the fracture. As shown in Figs. 2, 4 , and 5, the change in maximum horizontal stress by creating a single fracture is higher compared to the change in other two principal stresses. This change reduces the stress anisotropy (the difference between two horizontal principal stresses) and may activate the planes of weaknesses (fissures and natural fractures) in favor of creating a complex network connected to the main hydraulic fracture. When multiple fractures are created in a horizontal wellbore, the stress interference in the area between fractures increases. Considering the placement of fractures, if the increase in stress interference exceeds a certain limit, the stress field may reverse in the region near the wellbore and may result in longitudinal fractures. Longitudinal fractures are not of interest in horizontal wells where transverse fractures can be created instead to contact more of the reservoir. Thus, the placement of the fracture is critical when multiple transverse fractures are desired. This stress is tensile near the tip of the fracture where significant change in shear stress is evident. For the purpose of this study, the parameters in Table 1 were used for the analytical modeling to represent a typical Barnett shale fracturing treatment. 
Fracture Placement Designs to Induce Fracture Complexity
Alternating Fracturing. Recent attempts in fracturing designs have evaluated the effect of fracture spacing on the change in minimum horizontal stress, as it is an indication of change in stress anisotropy and also the fracture complexity. East et al. (2010) proposed two alternative methods to conventional fracturing for enhancing far field complexity in horizontal wellbores. Alternating fracturing (Texas two-step) is one of the proposed methods in which fractures are created in an alternating sequence. After creating the first and the second interval, a third interval is placed between the two first fractures; this pattern will be repeated for the subsequent fractures. Any change in fracturing sequence alters the stress in the area between fractures and activates the stress-relieved fractures, which can create a complex network of fractures connected to the main hydraulic fractures. In this section, we investigate the effect of changing sequence and the change in minimum horizontal stress. The contours of change in minimum horizontal stress are shown in Fig. 11 . The spacing between the initial fractures should be chosen so that a pre-determined degree of interference exists between the two fractures. In this study, fractures were spaced 500 ft apart to simulate real field applications. The middle fracture was initiated at the center of the distance between the initial two fractures to mimic the alternating sequence and to evaluate the induced stress (Fig. 11) . The change in the maximum horizontal stress is highly affected by the middle fracture propagation.
The propagation of the middle fracture is highly dependent on the net pressure created by the previous fractures. Fig. 12 shows a significant change in shear stress near the tips of the fractures. This favorable change emits shear waives that can be captured by microseismic receivers as the tip of the fractures advances. Interpretation of microseismic events provides an accurate determination of fracture length during the treatment (Warpinski et al. 2004 ). The change in shear stress is significant near the tips, and as the middle fracture propagates, more of the reservoir will be exposed to the change in stress. This could potentially activate plains of weaknesses that exist in the heterogeneous non-conventional reservoirs such as shale plays. Although the alternating fracturing looks promising in the sense of creating a complex network, it is still a difficult practice to run in the field. Moreover, the risk of stress reversal near the wellbore and the creation of longitudinal fractures make this technique a second choice for operators.
It is possible for one to design the fractures to solely depend on shear effect (Fig. 12) to create conductivity inside the pre-existing planes of weaknesses. However the conductivity created in this fashion is usually low and it may quickly deteriorate. If the fractures are designed such that the net pressure would overcome the already reduced stress contrast (difference between the two horizontal stresses), the propagating middle hydraulic fracture would open the existing planes of weaknesses. In this case we could even place proppant inside both the hydraulic and the secondary fractures.
Simultaneous Fracturing (Zipper-Frac). In the zipper-frac technique, two parallel horizontal wells are stimulated simultaneously (Waters et al. 2009 ). Roussel and Sharma (2010) numerically simulated the stress distribution around fractures in zipper-frac design to investigate the stress reversal in the region near the fractures. In zipper-frac, when the opposite fractures propagate toward each other, a degree of interference occurs between the tips of the fractures and forces the fractures to propagate perpendicular to the direction of the horizontal wellbore. Fig. 13 shows the effect of well spacing on stress changes in the surrounding fractures in a zipper-frac design.
We expected to see a variation of change in stress behind the tips, but this change was minimal when compared to alternating fracturing. However, the contours of shear stress (Fig. 14) show significant change near the tips, which could result in changing the direction of fractures. Change in direction of fractures occurs if opposite fractures get very close, which raises the risk of well communication in return. 
Modified Zipper-Frac (MZF).
A new design in fracturing placement is developed to improve the stimulated reservoir volume (SRV) effectively (Fig.16) . Similarly to zipper-frac (Fig.15) , MZF can be applied in multi-lateral completions where two or more laterals will be fractured to create a complex network. As mentioned before, the domination of stress perturbation in zipper-frac design is limited to the area near the tips, while in MZF the area between fractures will be altered by stress interference caused by the middle fracture initiated from the other lateral.
With MZF, we take advantage of both concepts developed in alternating fracturing and zipper-frac to create more complexity in the reservoir. However, unlike alternating fracturing, MZF is simple to practice without needing special downhole tools. In this design, fractures are placed in a staggered pattern to take advantage of the presence of a middle fracture for each two consecutive fractures. Fig. 17 shows the effect of well spacing on the change in induced stress in the area surrounded by the two laterals and three fractures. When the well spacing decreases from 1,000 to 450 ft, the maximum horizontal stress increases about 200-300 psi from the original state. The practical limitations should be carefully considered in this design. Fractures initiated in one lateral should not extend too long to reach the other lateral as some completion damages could occur. This change is enough to reduce the stress anisotropy and activate the pre-existing natural fractures in the formation. The risks of stress reversal near the wellbore as well as well communication are minimal compared to the other designs. While MZF shows improvement in fracture complexity from a geomechanical viewpoint, it also shows promise in enhancing long term production of the reservoir from a fluid flow aspect. The next section describes the fluid flow aspect of different designs in fracturing. 
Fluid Flow Aspect
Fracture complexity significantly increases the contact area, which is the key for improving productivity in tight formations. This is particulary important in the case of shale formations. The area of improved contact area is commonly refered to as stimulated reservoir volume, or SRV. The SRV has been simulated in literature as either disceret fractures or as improved conductivity area. In this study, we investigated SRV as an improved conductivity area, which surronded the whole fracture system tip to tip. Fig. 18 shows the placement of fractures in the modified zipper frac design where two horizontal wellbores were created using a numerical simulator. A permeablity of 1 µD was assumed for the formation, where six fractures were placed 500 ft apart in two wells. Fracture height and length were assumed to be 500 ft and 200 ft, respectively. The two wells were spaced 600 ft apart, and Well 2 was shifted so that a pattern of MZF was produced. In another case, to simulate zipper frac design, wells were spaced 1020 ft apart where the tips of opposite fractures became very close (only 20 ft apart). A maximum of 4MMCF/D of rate and a minimum of 500 psi was allowed. Simulation results show an improvement of 44% in cummulative gas production in MZF design over zipper frac due to the enhancement in fracture complexity (Fig.19) . The effect of fracture placement on production rate is shown in Fig. 20 . 
Summary and Conclusions
In this paper we reviewed the existing techniques for creating far field fracture complexity and presented a new method to generate the desired far field fracture complexity. Our analysis indicates that stress interference does not affect areas beyond the tip of the created hydraulic fracture; the shear stress effect does extends beyond the tip of the created fractures. However, it may not be sufficient to create a durable complexity, especially in softer formations. The alternating fracture approach is a viable approach, but it presents the operator with operational issues. A standard design calls for progressively fracturing a horizontal well from the toe toaward the heel. Alternating fracturing does not follow that simple approach but, rather, goes back and forth inside the horizontal well. Although it is possible to overcome the operational issues, it would be highly desirable to achieve the same goal while eliminating those problems.
The proposed modified zipper frac is shown to be capable of doing exactly that: It has the advantage of creating the desired far field complexity associated with alternating fracturing with no operational issues. The technique requires fracturing two wells simulatneously, thereby forcing the fracture length to grow long enough to cause stress interfernce and to create the desired complexity. Based on the anlysis in this study, the following conclusions are be drawn:
 Fractures with the length/ height ratios greater than 5 can be assumed and modeled as semi-infinit fractures.  Alternating fracturing has great potential to increase fracture complexity; however, it is operationally difficult to practice.  The tips of fractures in zipper frac design must be very close to achieve the stress interferance effect near the tips.
This increases the risk of well communication and might result in lower gas production.  By decreasing the well spacing in the MZF design, the chance of creating more complexity increases; however, the practical limitations should be carefully considered.  Modified zipper farc design can potentially increase the stress interference between the fractures and create an effective SRV to enhance hydrocarbon production. 
